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Reference;  T:aC/91/26 
1.  SDMMARI 


Thermodynamic  calculations  have  been  made  on  the  following  reactions  and 
systems : 

(i)  The  thermal  decon^josition  of  boron  hydrides  to  boron  and  hydrogen, 

(ii)  The  formation  of  diborane  by  hydrogenation  of  a  boron  halide, 

(iii)  The  pyrolysis  of  diborane  to  higher  boron  hydrides, 

(iv)  Alkylation  reactions. 

The  calculations  show  that  in  order  to  produce  diborane  from  a  boron 
halide  and  hydrogen,  the  hydrogen  must  be  in  a  very  active  form.  The  other 
systems  considered  oonsist  of  reactions  which  go  to  completion,  with  the 
exception  of  the  equilibida  which  exists  between  diborane,  tetraborane  and/br 
dihydropentaborane.  The  probable  values  of  the  equilibidum  constants  of 
reactions  involved  in  the  equilibria  have  been  indicated. 

Estimated  values  of  the  free  energy  of  formation  of  alkyl  boranes  are 
given  in  the  Appendix, 


2.  IMRODUCTION 

Thermodynamic  calculations  show  that  the  heats  of  comibustion  of  compounds 
containing  boron,  carbon  and/or  hydrogen  are  higher  than  that  of  aviation 
kerosene  (!>  2.),  Boron  hydrides  and  their  derivatives  have  theref03?e  a 
potential  importance  as  hi^  energy  fuels,  and  this  report  deals  with  the^ 
thermodynamic  aspects  of  reactions  whidi  may  be  involved  in  their  synthesis. 


Thermodynamic  calculations  of  the  equilibria  and  heats  of  reaction  have 
been  mad^  with  the  accuracy  the  available  data  will  allow,  all  reactions 
being  assumed  to  occur  at  a  constant  pressure  of  oaie  atmosphere.  Thermo¬ 
dynamic  data  have  been  taken  from  the  publications  of  t^  National  Bijreau 
of  Standards (3,  h-)f  the  work  of  Bauer  (5),  aiii  in  certain  cases  estimated  by 
empirical  methods. 

The  reactions  have  been  grouped  into  four  sections  under  the  headings « 

Section  3,  The  Thermal  Decomposition  of  Diborane  and  the  Hi^er 
Hydrides  to  Boron  and  Hydrogen, 

Section  4.  The  Formation  of  Diborane  by  Hydrogemtion  of  a  Boron 
Halide.  (The  use  of  lithium  al\iminixma  hsrdride  is  not 
included,  throti^  lack  of  sufficient  thermodynamic  data.) 


Section  5*  The  Pyrolysis  of  Diborane, 


Section  6,  Alkylation  Reactions, 
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Equilibria  Constants  and  Heats  of  Reaction  for  the 
Decomposition  of  Boron  Hydrides 
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3.  THE  THERMAL  DECOMPOSITION  OF  DIBORANE  AHD  THE  HEGHER  HYDRIDES  TO  BORON 

AM)  HIDROGEN 


The  thermal  decomposition  of  "boron  hydrides  to  boaron  and  hydrogen  has 
been  considered  first,  since  these  reactions  should  be  included  in  all 
thermodynamic  calculations  of  systems  in  which  the  hydrides  are  involved* 
Over  a  wide  temperature  range  of  300°K  (27°C)  to  900OK  (627°C)  the 
equilibrim  state  is  that  decomposition  to  boron  and  hydrogen  is  virtually 
complete.  For  example,  the  eqirilibrium  constant  for  the  reaction 


BgHg  2B  +  3H2  .  1 

is  greater  than  1  x  lO"'"'  at  900°K.  Table  1  sTimmarizes  the  equilibrium 
constants  and  heats  of  reaction  for  these  thermal  decompositions.  It  can 
"be  seen  that  all  the  decomposition  reactions  are  exothermic. 

In  practice  however,  none  of  the  hydrides  decomposes  sp)ontaneously  to 
boron  and  hydrogen  at  room  temperature.  For  example,  diborane  can  be  stored 
at  room  temperatiare  for  several  days  with  only  sli^t  decomposition  (6); 
the  hi^er  hydrides  and  hydrogen,  not  boron,  are  produced,  and  even  at 
3000c  a  nonvolatile  solid  boron  hydride  is  formed.  For  complete  decomposition 
to  boron  and  hydrogen,  temperatures  above  7OOOC  are  required  (8), 

Since  all  the  subsequent  calculations  were  made  at  temperatures  of  327°C 
or  below,  the  decomposition  of  the  boron  hydrides  lias  been  neglected  in  the 
consideration  of  the  other  systems. 


4,  THE  FORtiATION  OF  DIBORANE  BY  THE  HIDROGENATION  OF  A.  BORON  HALIDE 

4.1  Introduction 


The  first  synthesis  of  diborane  by  the  reduction  of  a  boron  halide  was 
carried  out  in  1931  by  Schlesinger  and  Burg  (8),  vAio  passed  boron  trichloride 
and  hydrogen  at  10  mm.  Hg  pressure  throu^  an  electrical  discharge  and  obtained 
an  overall  yield  of  15  per  cent  diborane.  Stock  and  Sutterlin  (9)  in  193^ 
used  boron  tribromdde  arid  obtained  similar  yields.  More  recently,  Hurd  (lO) 
has  shown  that  a  boron  halide,  with  hydrogen  and  a  hydride  of  an  alkali 
(or  alkaline  earth)  metal  yield  diborane.  Aluminium  has  also  been  \ised  in 
place  of  the  metal  hydride  (ll). 

Biermodynamic  calculations  have  been  made  on  the  following  systems : 

BX^Cg)  +  H2(g),  where  X  is  a  halogen; 

BCl^Cg)  +  H2(g)  +  Al(s); 

Table  2,  p.  4  summarizes  the  equili'britim  constants  and  heats  of  reaction 
for  reactions  included  in  the  systems. 


/TABLE  2 
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Equilibrium  Constants  and  Heats  of  Reaction  for  Reactions 
Involving  the  Hydrogenation  of  Boron  'rrihalides. 
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if.  2  System  1;  BClyC.o;)  +  Ho(g);  EBr^(g)  +  HoCe)* 

Tilhen  boron  trichloride  reacts  with  hydrogen  in  an  electric  arc  discharge, 
the  main  product  is  monochlorodiborane ,  together  with  hydrogen  chloride 
and  small  amounts  of  diborane,  (‘fable  2,  opposite), 

fhe  reactions  that  have  been  chosen  to  represent  this  s3rstem  are: 


2  BOl,  +  SHj  s  +  6H01:  Kp  =  iHgd 

5  2  2-6 


2  BCl^  +  5H2  ^  B2H^C1  +  5HCa;  Kp 


=  IB2H5OII  jlicif  .  ^ 

[BCa.3  1  ^  [H2  i  5 


6  B2H5CI  ^  +  2BC!l3; 


Kp  =  lB2H6l^BCl3f 
[B2H5CIP 


8 


No 


w. 


te.  Ifere  and  below  [B2Hg  ]  is  used  to  denote  "partial  pressure  of 


The  equilibrium  constant  for  reaction  £  varies  between  6,85  x  10  at  300°K 
and  2.72  X  10-26  at  600°K,  clearly  showing  that  only  very  low  yields  of 
diborane  should  be  expected.  Schlesinger  and  Burg  however,  found  that  15 
-oer  cent  yields  of  the  diborane/monochlorodiborane  mixture  could  be  obtained 
in  an  electrical  discharge  apparatus.  In  attempcing  to  explain  this 
descrepancy,  the  free  energy  of  monochlorodiborane  was  estimated  us^g  the  ^ 
equilibrium  constant  experimentally  measured  by  Stock  (l2)  for  'che  decomposit¬ 
ion  of  monochlorodiborane  (reaction  8),  The  equilibrium  constant  of  1  x  1 
leads  to  a  free  energy  value  for  monochlorodiborane  of  -13.^  kcal/mole,  A 
less  accurate  value  of  -10  kcal/mole  has  also  been  e stated,  from  tte 
rou^  experimental  equilibrium  constant  of  3  x  105  (12)  for  the  reaction 


^2^6  HCl  B2H^C1  +  H2  J 


Kp  =  !B2H5CHiHgi 

(BjHfi!  iHOl! 


•  ••••• 


Usinp  the  free  energy  value  of  -13.^  kcal/mole,  the  equilibriiua  constant  for 
the  reaction  of  boron  tx’ichloride  and  hydrogen  to  give  monochlorodiborane  has 
been  estimated  at  3OOOK  to  be  1  x  lO'^;  that  is,yery  little  ^noc^^- 
diborane  is  predicted  at  room  temperature.  Even  at  6OO  K  che  equilibrium 
constant  would  be  approximately  1  x  10-22  corresponds  to  only  ab^t  a 

1  per  cent  conversion  of  boron  trichloride.  Clearly  tne  reaction  of  bor  n 
trichloride  and  hydrogen  by  purely  thermal  methods  cannot  lean  to  the 


/relatively 
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relatively  high  conversions  achieved  in  the  electrical  discharge.  Probably  the 
formation  of  highly  active  charged  ions,  •wMch  througji  lack  of  data  cannot  be 
dealt  mth  thermodynamically,  are  responsible  for  the  hi^  conversion  obtained. 


e,g« 


BCl^  +  6E*  +  6e  ^  B2Hg  +  6HC1 
Similar  arguments  apply  to  the  reaction  of  boron  tribromide  and  hydrogen 

2  HBr,  +  6H-  3  +  6HBr;  Kp  =  P2%]iHEri  .  ^ 

^  ^  ^  SBBrjF  SH2  f 

At  present,  no  data  are  available  for  the  equilibrium  between  monobromodiborane 
and  diborane, 

4,3  System  2 


BCl^(g)  +  H2(g)  +  Al(s); 


This 

system  is  represented  by  the  three  equations 

2BaL^  + 

6H2  ^  +  6HC1; 

[B2H6i[HQL]^  . 

,,  6 

iB0l3!2SH2!^ 

2BCI3  + 

5H2  ^  B2H5CI  +  5HC1J 

r-j,  -  SB2H501)iHCl!5 

iBCl3FiH2)5 

6HaL  + 

2A1  2ALCI3  +  3H2J 

[hci]^ 


The  equilibrium  constant  for  reaction  3^  at  300°K  is  1  x  10^  and  the  effect 
of  aluminium  on  reactions  6  and  2  is  to  shift  the  equilibriTom  composition^ 
of  the  gases  by  continually  removing  hydrogen  chloride  as  altimini\im  chloride. 
Thus  the  overall  reaction 


2  BCI3  +  3H2  +  aa  B2Hg  +  2  aci^  .  i^ 

should  go  to  completion.  In  practice,  Bird  (ll)  found  that,  at  450°C,  ^ 
using  a  6:1  ratio  of  hydrogen  to  boron  trichloride,  only  a  30  pe^:* 
of  diborane  was  obtained.  It  is  probable  that  reactions  6  and  7  vdiich  lead 
to  the  formation  of  hydrogen  chloride,  are  rate  controlling, 

/5 . 
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5,  THE  PYROLYSIS  OF  DIBORAHE 


5*1  Introduction 


The  boron  hydrides,  other  than  diborane,  are  generally  prepared  by  the 
pyrolysis  of  diborane.  The  free  energies  of  the  reactions  viiich  may  be 
involved  in  pyrolysis  experiments  have  been  calculated  and  discussed  by 
Bauer  (5),  and  the  present  vrork  has  therefore  been  concerned  wi-^i  the 
calculation  of  the  equilibrium  constants  for  these  reactions,  and,  in 
certain  cases,  the  equilibrium  position  in  the  gas  phase.  The  equilibri\an 
constants  for  the  reactions  involving  the  principal  hydrides  are  quoted  in 
Table  3  (p.  8), 

5,2  The  Equilibria  Betvreen  Diborane,  Tetraborane  and  Dihydropentaborane 

Bauer  (5)  has  suggested  that  equilibria  may  be  set  up  between  diborane, 
tetraborane  and  dihydropentaborane,  but  he  was  unable  to  discuss  the 
equilibria  since  the  probable  error  in  estimating  the  entropy  values  for 
the  reactions  was  too  great.  In  the  present  work  it  has  proved  possible 
to  indicate  which  are  the  more  probable  values. 

The  reaction  between  dihydropentaborane  and  hydrogen  to  give  diborane 
and  tetraborane  (reaction  2U)  was  studied  at  100°C  by  Stock  and  Mathing  (l3)* 
Using  a  20:1  ratio  of  hydrogen  to  dihydropentaborane,  they  obtained  a  57«6 
per  cent  conversion  of  dihydropentaborane  to  tetraborane  and  also  found  that 
very  little  side  reaction  occurred. 


^5»n  *  ^  Kp  =  ........  ^ 

Now,  i*  is  a  sin^jle  matter  to  calculate  the  equilibrium  constant  at'  a  given 
percentage  conversion,  and  Figure  1  is  a  graph  of  the  logarithm  of  the 
equilibrium  constant  against  percentage  conversion  of  dihydropentaborane, 
assuming  an  initial  20:1  ratio  of  hydrogen  to  dihydropentabor^.  It  c^  ^ 
seen  that  a  57.6  per  cent  conversion  corresponds  to  an  eqvalibrium  constant 
of  2.8  X  10“2, 

Reaction  24  can  be  obtained  by  a  suitable  combination  of  reactions  3A 
and  (Table  T)  t 

2  X  2B2Hg  ^  B^Hjlo  +  . 2k 

-  2B^21  ^2  ••••.•»•••••••  ik 

+  2H2  ^  2B^%0  +  ^2^6  . ^ 


/TABLE  5 
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Equilibrium  Constants  and  Heats  of  Reaction  for  Reaotioiis 
Involved  in  the  Pyrolysis  of  Diboraias 
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whence  ~  (^Pl4)^/^Pl5*  ^  examination  of  the  equilibrium  constants 

for  reactions  14  and  given  in  Table  3  shows  that  for  Kp22,.  to  have  a 
value  of  2.8  X  10-2  at  IOQOC,  the  highest  value  of  Kpi^  and  the  lowest 
value  of  Kpi5  must  be  used*  Thus,  the  most  probable  values  for  the 
equilibri\im  constants  of  reactions  and  15  have  been  underlined  in 
Table  3. 

Figures  2  and  3  are  similar  to  Figure  1,  being  graphs  of  the  logarithm 
of  the  equilibritim  constant  against  percentage  conversion  of  diborane  to 
tetraborane  and  to  dihydropentaborane  respectively.  These  graphs  have  been 
used  to  estimate  the  percentage  conversion  of  initially  pure  diborane  in 
equilibria  with  (a)  tetraborane,  and  (b)  dihydropentaborane,  at  temperatures 
between  300°  and  600OK.  The  results  are  given  in  Table  4. 


TABLE  4 

Percentage  Conversion  of  Diborane  to  (a)  Tetraborane,  and 

(b)  Dihvclropentaborane  at  EquilibriTjm 


Temperature , 

Or 

fo  Diborane  Converted  to: 

(a)  Tetraborane 

(b)  Dihydropentaborane 

300 

33 

59 

400 

27 

50 

500 

24 

45 

600 

21 

40 

For  tetraborane,  the  yields  vary  between  33  3^  21  per  cent  conversion  of 
diborane  as  the  temperature  increases  from  300°  to  600°K.  Similarly  the 
corresponding  yields  for  the  dihydropentaborane  reaction  are  59  to  40 
per  cent.  Since  such  hi^  conversions  of  diborane  to  dihydropentaborane 
are  rarely  encountered  in  flow  experiments  it  is  Tonlikely  that  equilibrium 
is  ever  achieved  with  respject  to  this  reaction.  However,  there  may  be 
instances  vdiere  the  rate  of  formation  of  dihydropentaborane  is  controlled 
ty  the  equilibria,  particularly  in  oases  -where  -the  concentration  of  hytoopn 
is  hi^,  or  vhen  dihydropentaborane  is  being  recirculated.  Such  pjractical 
conditions  may  occur  during  certain  kinetic  s-tudies. 


5,3  Reactions  Leading  to  Pentaborane  and  Deoaborare 


Apart  from  nonvolatile  solid,  pentaborane  and  decaborane  are  the  most 
thermodynamically  stable  of  the  boron  hydrides.  This  is  shown  in  Table  3, 
where  it  can  be  seen  from  the  quoted  equilibrium  constants  that  diborane, 
te-fcraborane  and  dihydropentaborane  all  decompose  completely  to  pentaborane, 
and  pentaborane  can  decompose  almost  comple-bely  to  decaborane.  Even  when  ^ 
excess  of  ei^t  moles  of  hydrogen  per  mole  of  decaborane  formed  is  included 


*The  equilibrium  constants  for  the  respective  reactions  at  100  C  are 

4.20  X  10“2  and  4.79  x  lO"^.  ohese  values  lead  to  an  equilibrium  constant 
for  reaction  24  of  3.6  x  10"2,  in  good  agreement  with  the  experimental 
value. 
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in  the  products,  as  would  occiar  if  the  pyrolysis  of  dihorane  went  conpletely 
to  decaborane,  only  1  per  cent  pentaborane  remains  unconverted.  In  kinetic 
experimsnts  therefore,  the  approach  to  the  gaseous  equilibria  can  be 
entirely  neglected. 

In  practice,  most  of  the  reactions  in  Table  3  are  competing  and  the  final 
products  of  pyrolysis  can  only  be  determined  from  kinetic  considerations  (l4» 
15). 


5,4  Reactions  Leading  to  Nonvolatile  Solid 

Bauer  (5),  assuming  that  the  nonvolatile  solid  has  a  formula  of  Bx2Hi2» 
has  shown  that  it  is  thermodynamically  more  stable  than  any  of  the  volatile 
hydrides.  All  the  volatile  hydrides  can  therefore  be  converted  to  the  non¬ 
volatile  solid,  and  as  an  illustration  the  equilibrium  constants  for  the 
decomposition  of  decaborane  (reaction  25.  Table  3)  2.41  x  10  ^  at  300^» 

and  2.35  x  lO^l  at  6000K. 


6.  ALKYLATION  REACTIONS 
6.1  Introduction 

Alkyl  pentaboranes  and  alkyl  decaboranes,  while  yielding  rather  less  heat  on 
combustion  than  the  parent  hydride,  have  more  suitable  physical  properties  for 
use  as  liqtiid  fuels.  Two  methods  of  preparation  are  available: 

(a)  By  alkylation  of  the  parent  hydride  (l7,  l8), 

(b)  By  reacting  diborane  in  the  presence  of  an  olefine  (l6) 

In  order  to  investigate  the  thermodynamic  aspects  of  reactions  involving  the 
alkyl  derivatives,  free  energies  of  the  compoxinds  have  been  estimated  by  the 
method  given  in  the  Appendix  (p.  14). 

The  equilibi*ium  constants  for  a  number  of  reactions  involving  ethyl 
pentaborane,  ethyl  decaborane  and  the  diethyl  derivatives  have  been  calcul¬ 
ated  at  300OK,  and  the  values  quoted  in  Table  5.  relationship  between 

temperattire  and  equilibrium  constant  may  be  approximated  to 


T 

log  Kp  =  300  log  Kp 


300 


T 

where  Kp 


is  the  equilibrivun  constant  at  the  absolute  temperature  of  T°. 


/TABLE  5 
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TABLE  5 

Equilibrium  Constants  and  Heats  of  Reaxstion  of  Reactions 

Involving  Ethylated  Boron  Hydrides 


Equilibriiom  Constant  Kp 

Heat  of  Reaction 

Reaction 

at  3OOOK 

AH300, 

kcal/mole 

25»  ^ 

1  X  10I5 

-31.1 

26  m  B2H^«C2H^  +  ^  ®2^4^^2^5^2 

1  X  10^5 

-31.4 

XH^  +  ^  XH^CgH^ 

1  X  10I5  +  3 

-31 

2^#  x(  0211^)2 

1  X  I0I5  ±  5 

-31 

29.  B2Hg  +  6C2H2J.  ^  2B(  0211^)2 

4  X  10^ 

-158.5 

5B2H6  +  2B(C2H5)2  6B2H5.C2H5 

4  X  I0I3 

-28.1 

X  =  B20H12 


6.2  ATVvlation  of  the  Parent  Hydride 

The  ethylation  of  a  boron  hydride  vdth  ethylene  is  indicated  in  Table  5  by 
reaction  ^  vMch  represents  equally  well  a  straight  reaction  and  any  corresp¬ 
onding  catalysed  reactions,  (17,  l8)s 


+  C2H2^  XHC2H5 

X  =  B^y,  %cPi2 


Reaction  28  represents  the  formulation  of  the  diethyl  derivative: 


XHCgH^  +  ^  X(C2H5)2 


28 


Consequent  on  the  enpirical  method  of  calculating  the  f^e 

reactSns  all  have  an  equilibrium  constant  of  approxxmately  10  5,  vAugi  indicates 
lS^SarilSa,.>aMrstabiUty  of  the  altcyl  taron  ' 

hydrSes.  These  reactions  are  all  exothermic  to  the  extent  of  51  kcal/mole, 

6.3  Pvrolvsis  of  Diborane  in  the  Taresence  of  an  Olefine  (e.g. B-Qiyleiie) 

When  diborane  and  ethylene  are  heated  together  a  number  of  reactions  may 
occur,  several  of  which  have  been  reported  in  the  literature. 

et^ene  is  used  at  a  reaction  temperature  of  100°C,  the  main  product  is  triethyl 
boron  (l9)* 


/B2H6 
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+  6C2H2^ 


Kp  =  I  5  f  _ 

[BaHgl 


29 


8n 

This  reaction  has  an  equilihritim  constant  of  4  x  10^,  It  is  also  vrell 
known  (?)  that  triethyl  boron  vdll  react  with  diborane  to  give  a  series  of 
ethylated  diborane s,  e.gi 


SBjHg  +  asCOjHj),  Kp 


jB2Hgj5;B(02H5)3j2 


30 


The  equilibrium  constant  for  the  reaction  is  large,  4  x  10^^,  again  indicating 
•tiie  theoretical  conpleteness  of  the  reaction  to  monoe-thyldiborane.  These  two 
reactions,  ^  and  30,  may  be  combined  to  give  the  reaction  of  diborane  with 
ethylene  to  form  monoethyldiborane,  vdiich,  as  indicated  in  Section  6,2,  has  an 
equilibrium  constant  of  1  x  10l5, 

At  ten5)eratTnres  of  around  100^0,  therefore,  ethylene  reacts  with  diborane 
to  give  both  triethjl  boron  and  monoethyldiborane.  At  the  hi^er  temperatures 
at  which  diborane  is  converted  to  pentaborane,  it  can  be  seen  that  there  are 
a  number  of  possible  ways  for  the  alkylation  reactions  to  occur.  If  one 
assumes  that  at  these  teinperatures  ethylene  reacts  with  diborane  to  form 
monoe'tdiylpentaborane ,  without  the  formation  of  intermediates, 

^2Hg  ^  2B^HqC2H^  +  6l^ 

the  equilibritim  constant  would  be  103®  gj^'eater  than  that  for  the  strai^t 
pyrolysis  of  diborane  • 

5B2Hg  2B2H5  +  6H2  .  16 

However,  if  it  is  assumed  that  monoethyl  diborane  is  a  stable  intermediate, 
the  equilibri\am  constant  for  the  reaction 


■^2^  +  2B2H^C2H^  26^002^1^  +  6H2 


vdll  be  the  same  as  that  for  reaction  I6,  Similarly,  triethyl  boron  may  be  used 
as  the  alkylating  agent.  Theoretically,  there  is  therefore  no  reason  -vdiy 
diborane  and  ethylene,  diborane  and  triethyl  boron  and  diborane  and  mono- 
ethyl  diborane  should  not  give  a  hi^  yield  of  ethyl  pentabora^,  viien  heated 
together.  Obviously  as  in  the  other  reactions  examined,  kinetic  considerations 
will  be  of  great  importance  in  determining  the  actual  result, 

/Philst  . 
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'JThilst  only  the  formation  of  ethyl  pentahorane  has  heen  dealt  vdth  in 
this  section,  similar  arguments  apply  to  the  formation  of  the  decaborane 
derivatives*  However,  it  has  heen  reported  (20)  that  attempts  to  prepare 
methyl  pentahorane  hy  the  pyrolysis  of  dihorane  and  trimethyl  horon  led 
to  yields  of  7  per  cent;  the  poor  yield  roast  he  due  to  kinetic  factors. 
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AEFEKDIX 

Eg-friTT'a+.-inn  of  the  Free  Energies  of  Some  Alkyl  Boron  Hydrides, 

Thermodynamic  data  is  available  only  for  the  more  common  boron  hydrides 
nni^  the  ethyl  derivatives  of  diborane.  Interest  in  the  ethyl  de^vatives 
of  pentaborane  and  decaborane  necessitated  the  estimation  of  their  free 
energies. 

The  free  energy  of  formation  of  a  compound  from  its  elements  in  their 
standard  states  is  represented  by  the  expression: 


dF  =  AH  -  TAS 


yfcere  AH  is  the  heat  of  formation,  AS  the  entropy  of  formation  and  T  the 
absolute  temperature.  The  heat  of  formation  can  be  readily  calculated  by 
the  standard  empirical  method  (2l) ,  while  the  entropy  values  have  been 
estimated  by  a  con^jarison  of  the  boron  hydrides  with  the  carbon  analogues. 
This  method  of  con5)arison  is  justified  for  the  following  reasons. 


(i)  The  entropies  of  a  homologous  hydrocarbon  series  show  a  constant 

increase  of  10  entropy  units  per  GH2  group.  This  is  shown  clearly 
in  Table  6  for  the  series  starting  with  ethane,  ethylene,  benzene 
and  naphthalene. 


(ii)  The  entropies  of  nethyl  diborane  and  ethyl  diborane  are  11.4  and 
20.6  entropy  units  greater  than  the  entropy  of  diborane,  i.e. 
and  increase  of  approximately  10  to  11  entropy  tinits  per  CH2 
group. 

(iii)  The  boiling  point  and  melting  point  difference  between  the  alkyl 
boron  hydrides  and  the  parent  hydride  are  closely  parallelled  by 
the  corresponding  hydrocarbons  (see  Table  7)»  ^^*3.  iiiese  physical 
properties  are  related  to  the  entropy  values. 

(iv)  The  vibrational  spectra  of  the  boron-carbon  bonds  in  alkyl  boron 
hydrides  occur  at  the  same  wavelength  as  the  spectra  of  carbon- 
carbon  bonds  (22) ,  and  this  property  of  the  molecule  is  again 
related  by  partition  functions  to  the  entropy  value. 


The  hydrocarbon  series  chosen  for  the  comparison  are  the  senes  startxng 
with  ethane  and  ethylene  for  diborane,  benzene  for  pentabora^,  and 
naphthalene  for  decaborane.  Entropies  of  the  alkyl  boron  hydrides  ^ve 
been  estimated  by  an  addition  of  10  entropy  units 

hydride.  Values  of  the  heat  of  formation,  entropy  a^  tree  eneryr  of 
formation  at  3OOOC  of  the  alkyl  boron  hydrides  are  given  in  Table  8,  ^p.  16;. 


/TABLE  6 
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TAHi:  6 

The  Entropies  of  RydrocarTjons,  Boron  Hydrides  and 

their  Alkyl  Derivatives 


Compound 

Entropy, 
cal/deg,  C.mole 

Parent 

Methyl  Derivative 

Ethyl  Derivative 

Dihorane,  B2Hg 

55.34 

66.7 

75.9 

Ethane, 

54.85 

64.51 

74.12 

Ethylene ,  C2H2^ 

52.45 

63.8 

73.04 

Pentaborane , 

65.95 

- 

- 

Benzene,  CgHg 

64.34 

76.42 

86.15 

Decaborane,  B]^o^^l4 

85.09 

- 

- 

Naphthalene, 

80.43 

(1)  90.21 

(2)  90.85 

99*94 

100.56 

1  1 

TABLE  7 

The  Melting  Points  and  Boiling  Points  of  HydrocarboiiSj 

Boron  Hydrides  and  -Hieir  Alkyl  Derivatives 


Con5)o\aiid 

Melting  Points  and  Boiling  Points,  °C 

Parent 

Methyl  Derivative 

Ethyl 

Derivative 

M.P. 

B.P. 

M.P. 

B.P. 

M.P. 

B.P. 

Diborane 

-165.5 

-92.5 

Ethane 

-172 

-88.5 

-189.9 

-42.17 

-135 

0 

Ethylene 

-169.4 

-103.9 

-185 

-47.0 

-130 

-5 

Pentaborane 

—46.6 

58 

-85 

104 

Benzene 

5.51 

80 

-95 

110 

-94 

136 

Decaborane 

99.6 

213 

-12 

223 

-25 

218 

Naphthalene  (l) 

80 

218 

-22 

240 

-14 

258 

(2) 

I 

i 

1 

35 

245 

-19 

251 

' 

^TABLE  8  #  •  •  •  • 
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TABLE  8 

The  Heats  of  Formation.  Free  Energy  and  Entropy  of 

Boron  Hydrides  and  their  Alkyl  Derivatives 


Thermodynainic  Function 

Cotopound 

Heat  of  Formation, 
kcal/mole 

Free  Energy  of  Formation, 
APOqq,  kcal/mole 

Entropy, 

3°,  cal/deg.C.mDle 

Diborane 

7,53 

19.78 

55.34 

Methyl  diborane 

-8.5 

10.1 

66.7 

Ethyl  diborane 

-11.1 

14.5 

75.9 

Diethyl  diborane 

-30 

9 

93 

Pentaborane 

15.02 

39.32 

65.95 

Methyl  pentaborane 

-1  ±  3 

30±  4 

75±1 

Ethyl  pentaborane 

-3.5  ±3 

34+  4 

85+1 

Diethyl  pentaborane 

-22.5  ±  5 

29  ±  7 

105  +  2 

Decaborane 

27 

71 

85.09 

Methyl  decaborane 

11+2 

6l  ±  3 

95+1 

E-ttiyl  decaborane 

8.5+  4 

66  +  4 

105  ±  1 

Dieidiyl  decaborane 

-10.5+  4 

60+5 

5 

125  +  3 

i — - 
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RESTRICTED 


I'Toe:  added  in  EROOF 

Section  4  of  this  report  shows  that  in  order  to  obtain  high  conversions 
of  a  boron  trihalide  to  diborane,  an  active  form  of  hydrogen  must  be  \ised, 

A  novel  method  of  obtaining  this  active  hydrogen  has  been  patented  by 
0,  Gleraser,  German  Patent  94?  >  943»  in  which  boron  tribromide  and  formalde- 
h3'-de  react  on  an  activated  copper  on  keiselguhr  catalyst  at  380°  to  420°C 
to  give  a  70  per  cent  yield  of  diborane*  Free  energy  changes  for  the 
reactions 


2  3C1^  +  6  H2CO 

-  B2H6 

+  6  HCl  + 

6  CO 

. 

2  BBr^  +  6  H2CO 

-  B2H6 

+  6  HBr  + 

6  CO 

.  ^ 

have  been  calculated  at  300°,  500°  and  700°K  and  the  veilues  obtained  tabulated 
belov/: 

TABLE  9 

Free  Energy  Changes  and  Heats  of  Reaction 


Reaction 

No. 

Free  Energy  Changes, 
kcal/mole  at; 

Heat  of  Reaction 
kcal/mole 

300°K 

500°!^ 

700  °K 

+36*4 

-0*2 

-28.4 

+61*8 

+21.0 

-15*6 

-43»6  j 

+110 

1  ! 

The  negative  free  energy  changes  for  both  reactions  in  the  temperature 
range  500°  to  700°K  indicate  the  thermodynamic  feasibility  of  the  processes* 
The  loxf  cost  of  formaldehyde  and  the  high  yield  of  diborane  of  70  per  cent 
maike  the  processes  appear  attractive  and,  while  the  reactions  are  highly 
endothermic,  the  reaction  temperatiire  can  be  maintained  by  burning  the 
carbon  monoxide  in  the  product  gases  after  the  removal  of  the  other  more 
valuable  products. 
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